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1. INTRODUCTION 

String phenomenology has been under intense 
study for more than twelve years already. The 
main subtopics we can distinguish on this field 
are: model independent results, model building, 
low-energy effective actions and supersymmetry 
breaking. Here we will briefly mention the current 
status of each of these subtopics, comparing the 
situation before 1995 and after 1995. 

2. SUPERSTRING 
PHENOMENOLOGY BEFORE 1995 

Before 1995 there were five consistent string 
theories, all existing in ten dimensions, namely, 
type I open strings with gauge symmetry 5*0(32), 
type IIA and IIB closed strings and the two closed 
heterotic strings with gauge symmetries Es ^ Es 
and 50(32). Out of these five theories, the one 
that attracted most of the attention was the het- 
erotic Eg (g) Es theory because it was the most 
promising for phenomenology: upon compactifi- 
cation to 4D it gives rise to chiral = 1 su- 
persymmetric models with an observable sector, 
coming from the first Eg which contains the stan- 
dard model symmetry SU{3) (g) SU{2) (g) C/(l) 
and several families of matter fields. The second 
Es gives rise to a hidden sector, which fits per- 
fectly with the attempts of supersymmetric model 
building prior to string theory, there a hidden 
sector was proposed that breaks supersymmetry 
at an intermediate scale ~ 10^^ GeV and grav- 
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ity plays the role of messenger of supersymme- 
try breaking to the observable sector which feels 
the breaking of supersymmetry at the electroweak 
scale ~ 10^ GeV. 

The other four string theories were much less 
interesting, there was even a no-go theorem 
proving the impossibility to obtain the standard 
model out of type II theories. 

At that time, we could only extract pertur- 
bative information in discussing phenomenolog- 
ical aspects of string theory because the theory 
itself was formulated only at the perturbative 
level. Therefore nonperturbative effects, such as 
those induced by the stringy versions of instan- 
tons, monopoles etc, were not under control. The 
issues of supersymmetry breaking and dilaton po- 
tentials needed to be addressed at the nonpertur- 
bative level and the only possibility was to con- 
sider field theoretical nonperturbative effects such 
as the condensation of gauginos in the hidden sec- 
tor. 

The tools used to study string phenomenology 
were threefold: 

(i)Conformal field theory (CFT) with all its 
technology was heavily used to build 'ex- 
act' solutions of string theory giving rise to 
4D string models with the phenomenologi- 
cally desired properties, also CFT was ap- 
plied to explicitly compute the important 
couplings such as gauge and Yukawa cou- 
plings directly from string theory and more- 
over, to extract general properties of string 
vacua which are independent of the model. 
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although are perturbative in nature. 

(ii) Powerful topological tecniques were used 

in the geometrical interpretation of string 
compactifications in terms of compact 6D 
Calabi-Yau manifolds, in order to con- 
struct compactifications, compute (cubic) 
Yukawa couplings and scalar kinetic terms 
and study the 'moduli space' of these solu- 
tions. 

(iii) Finally, some 'macroscopic' techniques were 

used in order to extract information about 
the 4D effective action. Mostly based on 
general symmetry arguments. This allowed 
to prove remarkable results such as the non- 
renormalization of the superpotential and of 
the gauge kinetic function beyond one-loop. 

The combination of these three different ap- 
proaches allows us to have a general understand- 
ing of model building, effective actions and model 
independent results in string perturbation theory, 
as well as supersymmetry breaking from nonper- 
turbative field theoretical effects. We will briefly 
discuss these subjects here, for more complete 
treatments including the relevant references we 
refer the reader to 0], [||, Q. In particular the 
next subsections are based on the long review Q 
and I will refer to this paper not only for a longer 
exposition but also for a detailed guide to the ref- 
erences. See also 

2.1. Model Building 

The geometrical approach of 4D string model 
building can be described a la Kaluza-Klein in 
the sense of viewing the lOD spacetime as a prod- 
uct of 4D Minkowski spacetime and a small 6D 
compact manifold. This manifold is constrained 
by the requirement of having iV = 1 supersym- 
metry to be a Calabi-Yau manifold, which is a 
3D complex space with holonomy S'[/(3). There 
are many such string 'vacua', first because of the 
many possible Calabi-Yau manifolds, which are 
not completely classified yet, but also because, for 
each compactification, we still have the freedom 
of choosing the embedding in the gauge degrees of 
freedom (of the heterotic string for instance) . The 
particular embedding identifying the spin connec- 
tion and the gauge connection gives rise to a (2, 2) 



supersymmetric CFT, where the entries refer to 
the number of supersymmetries for left and right 
moving string modes, respectively. The generic 
embedding however has only (0, 2) supersymme- 
try. The (0, 2) Calabi-Yau compactifications are 
not yet well understood and most of the work on 
this area has been done on the (2, 2) models. 

The simplest way to construct (0, 2) models is 
by constructing explicit CFTs such as orbifold 
compactifications. An orbifold is a twisted torus 
that happens to be a particular singular limit of 
a Calabi-Yau manifold. The advantage of work- 
ing with orbifolds is that, similar to flat space or 
torus compactifications they correspond to free 
CFTs, their only complication relies in the choice 
of boundary conditions which is understood. Sim- 
ilarly, by either bosonizing or fermionizing all 
the coordinates of the extra space (the orbifold) 
and choosing different boundary conditions for 
each of the fields we arrive at the 'fermionic' 
and 'lattice' constructions of 4D models. Fur- 
thermore, there are more complicated construc- 
tions based on coset CFTs and known as Gepner- 
Kazama-Suzuki models, they attracted substan- 
tial attention especially after the realization that 
the (2, 2) versions of these models were also par- 
ticular points of a Calabi-Yau manifold despite 
their original nongeometrical formulation. 

Out of all these different formulations of mod- 
els we learned that there is a twofold degeneracy 
of string models. One is discrete, given by say 
topologically different Calabi-Yau compactifica- 
tions with different numbers of generations and 
antigenerations of quarks and leptons (for (2,2) 
Calabi-Yau's these numbers are topological, in 
particular the net number of generations minus 
antigenerations is given by the Euler number of 
the manifold.). The second degeneracy is con- 
tinuous, i.e. for each compactification, there are 
a number of free parameters or 'moduli' which 
can be varied freely, these moduli can describe 
the size and shape of the internal space and in 
the 4D effective theory they correspond to mass- 
less scalar fields T', having vanishing potential. 
Therefore the continuous degeneracy is given by 
the moduli space of the T fields defined by the 
existence of flat directions. Due to the existence 
of non-renormalization theorems, the flatness of 
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the potential stays to all orders in perturbation 
theory. 

This enormous degeneracy limits the predictive 
power of the theory. We might expect that the 
continuous degeneracy may be lifted by the ex- 
istence of non-perturbative string effects which 
could create a nonvanishing scalar field potential, 
but the discrete degeneracy seems more serious. 
Before 1995 it seemed impossible to be able to 
compare two different compactifications differing 
for instance on the total number of generations 
since, having topological origin, it was impossible 
to deform one space into. 

Another piece of information we can extract 
about this degeneracy of string models is by 
taking a phenomenological approach and search 
among all of these models those which resemble 
the standard model of particle physics with 3 fam- 
ilies of quarks and leptons and standard model 
gauge group SUi3) (g) SU{2) (g) U{1). 

Some quasi-realistic models have been stud- 
ied with much detail using this approach. This 
includes models with three families and stan- 
dard model gauge group SU{3) (g) SU{2) <S) U{1), 
51/ (4)050(4) as well as a version of S'C/(5)(8)t/(l) 
known as flipped SU{5) 1), [|. All of these mod- 
els also reproduce many of the nice features of the 
standard model (proton stability, doublet-triplet 
splitting, pattern of fermion masses etc.). Never- 
theless, as in the case of orbifolds, there is not a 
totally realistic model yet. In particular there is 
no model yet with just the spectrum of the su- 
persymmetric standard model. 

An unsolved issue in most of these models is 
the fact that after breaking to the standard model 
group, the number of extra light doublets is not 
well determined since their mass is not generally 
protected by symmetries and the actual calcula- 
tion of the remaining superpotential, after solv- 
ing the D and F flatness conditions, is done only 
up to operators of a given dimension. The pres- 
ence of extra light doublets in orbifold models was 
understood in terms of the selection rules estab- 
lished for those models, but they are precisely the 
main source of problems for those models also, 
because of their contribution to the running cou- 
plings and therefore to the string unification scale 
and Weinberg's angle. The extra light doublets is 



then an obstacle for obtaining realistic models in 
all the different approaches studied so far. Fur- 
thermore, without understanding the breaking of 
supersymmetry, we cannot confront directly these 
models with physics. 

The more recent progress in this area was the 
successfull construction of 4D string GUTs, i.e. 
string models with simple Grand Unified groups 
(such as Eq and 50(10)) and an adjoint represen- 
tation that can break the group to the standard 
model. The presence of adjoints requires spe- 
cial string constructions named 'higher level Kac- 
Moody models' which are a particularly difficult- 
to- construct subclass of the (0, 2) string mod- 
els discussed above. These constructions are ex- 
pected to share the phenomenological virtues of 
supersymmetric GUTs, especially in what refers 
to the unification of the gauge couplings. The 
models obtained so far have not been studied in 
great detail but they still suffer from some difficul- 
ties, such as fine tunning and the possible survival 
of extra states at low energies that could modify 
the running of the gauge couplings . Therefore 
it is still an open question to construct a fully 
realistic string model. 

2.2. Effective Actions 

The general Lagrangian coupling = 1 super- 
gravity to gauge and chiral multiplets depends on 
three arbitrary functions of the chiral multiplets: 

(1) The Kahlcr potential K{z,'z) which is a real 

function. It determines the kinetic terms of 
the chiral fields 

^kin = K^jdf^zd^z (1) 

with = d^K / dz&z. K is called Kahler 
potential because the manifold of the scalar 
fields z is Kahlcr, with metric Kzi- 

(2) The superpotential W{z) which is a holo- 

morphic function of the chiral multiplets 
(it does not depend on z) W determines 
the Yukawa couplings as well as the F-term 
part of the scalar potential Vp- 

eW^{i?.M^i^-iW-3K|, (2) 
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with D^W=W^ + WK^/M^. Here and in 
what follows, the internal indices labelling 
different chiral multiplets Zi are not explic- 
itly written. 

(3)The gauge kinetic function fab{z) which is 
also holomorphic. It determines the gauge 
kinetic terms 

jCg = Re UF^, F"- ' + Im UF^, F^'' ' (3) 

it also contributes to gaugino masses and 
the gauge part of the scalar potential. 

V = Vf + Vd (4) 

These three functions are arbitrary for a generic 
N = 1 supersymmetric model, but in string the- 
ory we should be able to compute them for each 
model. General non-renormalization theorems 
can be applied to the holomorphic functions W 
and /. The main reason is that the dilaton field 
4> is always present in string models and its vev is 
the loop counting parameter. In A'' = 1 4D mod- 
els it joins an axion-like field a having a Pcccei- 
Quinn symmetry a a+ constant, to form a 
complex (chiral) multiplet S = (f) + ia, because 
of the existence of the Peccei-Quinn symmetry 
W cannot depend on a and, because a only ap- 
pears through S, then W cannot depend on S 
and so it does not depend on the loop-counting- 
parameter, therefore it is not renormalized. A 
similar argument applies to / beyond one loop. 
The Peccei-Quinn symmetry is usually broken by 
nonperturbative effects therefore they will con- 
tribute to corrections to W and /. For K there 
are no simplifications and very little is known be- 
yond some tree level calculations. 

The general structure of these functions of mat- 
ter multiplets Q, moduli T and dilaton S is the 
following: 

Wis, T, Q) = WtreeiT, Q) + W„p(5, T, Q) 

f{S, T,Q) = S + h-ioop{T, Q) + fnp{S, T, Q) 

K{z, Z) = {Ktree + Ki-loop H ) + Knp (5) 

Therefore we can see that the lack of control on 
the perturbative corrections to K is the main 



source of ignorance of the full perturbative 4D 
effective actions. 

2.3. Model Independent Results 

Let us recapitulate in this section what we can 
say about string models which is independent of 
the model. This is the closest we can get to string 
predictions and help us in approaching general 
questions, differentiating the generic issues from 
those of a particular model. Since the full non- 
perturbative formulation of string theory is not 
yet available, we have to content ourselves mostly 
with predictions of string perturbation theory, as- 
suming that the corresponding string model is 
given by a CFT. 

(i) String models predict the existence of grav- 

ity and gauge interactions. This is a point 
that cannot be overemphasized since it is 
the first theory that makes those fundamen- 
tal predictions for interactions we experi- 
ence in the every day life. 

(ii) The dimension of spacetime is dynamical 
and D < 10 raising the hope that even- 
tually we could explain if a 4D spacetime 
is in some way special, although at present. 
Also the rank of the gauge group is bounded 
r < 22 

(iii) There are other fields which survive at low 

energies: charged matter fields Q, candi- 
dates to be basic building blocks of matter 
but also the dilaton field S and the moduli 
T. We have to mention that, although as 
yet there is no 4D model without moduli 
fields, there is not a general theorem imply- 
ing their existence. In that sense the dilaton 
is the most generic modulus field, with a flat 
potential in perturbation theory. 

(iv) There is only one arbitrary parameter a' 

fixed to be close to the Planck scale Mp. All 
other parameters of the effective action are 
determined by expectation values of fields 
such as the dilaton and the moduli. In par- 
ticular the gauge coupling is given at tree 
level by the vev of S. 
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(v) The existence of spacetime supersymmetry 
is needed for consistency, although = 1 
is selected for phenomenological reasons. 
There is a general requirement for a CFT 
to lead to iV — 1 spacetime supersymme- 
try: It has to have (0,2) supersymmetry 
in the wordlsheet (2D) (plus a quantization 
condition on the charges of the U{1) group 
mixing the two supersymmetries). 

(vi) There are no global internal symmetries 
in 4D string models, besides the already 
mentioned Peccei-Quinn symmetry of the 
S field and some accidental global symme- 
tries (like baryon and lepton numbers in 
the standard model) . This puts very strong 
constraints to string models compared with 
standard field theory models. 

(vii) There are generically some discrete symme- 
tries in string models. Some infinite dimen- 
sional such as T-duality which in the sim- 
plest version takes the form of an SL{2, IL) 
transformation 



T 



aT + b 
cT + d 



(6) 



with a, 6, c, d integers satisfying ad—bc= 1 
There are also finite dimensional discrete 
symmetries, such as those inherited from 
the twist defining orbifold constructions, 
which are seen as discrete gauge symme- 
tries in the 4D effective theory. These can 
in principle be useful for model building, 
hierarchy of masses etc. There are how- 
ever some couplings that vanish in string 
theory and cannot be explained in terms 
of symmetries of the effective 4D theory, 
these are called 'string miracles' since from 
the 4D point of view they seem to break 
the criterium for naturalness. T-duality 
symmetries restrict very much the form of 
the effective action and quantities such as 
Yukawa couplings have to be modular forms 
of a given duality group. These symmetries 
are valid to all orders in string perturbation 
theory and are thought to be also preserved 
by nonperturbative effects. Matter fields 



are assigned special quantum numbers, 
the modular weights n, according to their 
transformation properties under the duality 
group. For a S'L(2,2)'" group for instance 
we have: 

^ {iciTi + diY''' Q', l^l,---,m. (7) 

Since fermions transform nontrivially un- 
der these symmetries, there may be 'dual- 
ity anomalies' which have to be cancelled 
for consistency. This imposes strong con- 
straints on the possible spectrum of the cor- 
responding string model. 

(viii) There is unification without the need of a 
GUT. If the gauge group is a direct product 
of several groups we have for the heterotic 
string: 



ki gl = 52 = 



Stt 



■ ■ = —Gn = 5st 



ring ■ 



(8) 



Where ki are special stringy constants 
known as the Kac-Moody levels of the cor- 
responding gauge groups (for the standard 
model groups it is usually assumed that 
k2 = ks — l,fci — 5/3), gi are the gauge 
couplings and Gat is Newtons constant. We 
can see there is a difference with standard 
GUTs in field theory for which we compute 
the unification scale by finding the point 
where the different string couplings meet. 
In heterotic string theory, the unification 
scale is given in terms of the string cou- 
phng gstring and the Planck scale.^ More 
precisely: Mitring ~ 5.27(g) lO^gstring Gev. 
For gstring ~ C(l) this shows a discrepancy 
with the 'observed' value of the unification 
scale given by the experiments Mqut ~ 
2(8)10^^ GeV. Also the Weinberg angle gives 
sin^ 9w = 0.218 differing from the experi- 
mental value of sin^ 9w = 0.233 ± 0.0008. 
Therefore the string 'predictions' are very 
close to the experimental value, which is 
encouraging, but differ by several standard 



^For type I strings the gravitational and gauge couplings 
are independent, so we have the freedom to adjust the 
unification scale with experiment as in usual GUTs 
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deviations from it. This is the string unifi- 
cation problem. The situation looks much 
better for simple GUT's which have good 
agreement with experiment. Several ideas 
have been proposed to cure this problem, 
including large values of threshold correc- 
tions, intermediate scales, extra particles, 
changing the values of Kac-Moody levels 
etc, with no compelling solution yet (for re- 
cent discussions of this issue see for example 
the review of K. Dienes in ref. Q.). 

(ix) There are usually fractionally charged par- 
ticles in 4D string models. In fact it can 
be shown that we cannot have simultane- 
ously k2 = — 3fci/5 = 1 in the stan- 
dard model and only integer charged parti- 
cles, because if that is the case the standard 
model gauge group would be enhanced to 
a full level-one SU{5). This 'problem' can 
be evaded in models where the fractionally 
charged particles are heavy string states, it 
has also been proposed that those particles 
could confine at intermediate energies and 
be unobservable. 

(x) There are 'anomalous' U{1) groups in most 

of the models, but there is also a countert- 
erm in the action cancelling the anomaly 
and generating a Fayet-Iliopoulos kind of 
term : 



1 



S + S 



Trq°- 



1 



487r2 [S + Sf 



(9) 



where qf are the anomalous charges of the 
scalar fields Qi . This term is responsable to 
break the would be anomalous group by fix- 
ing the value of a combination of the matter 
fields Qi, breaking the would be anomalous 
U{1) and usually other gauge groups, but 
not supersymmetry (although this has not 
been shown in general). A combination of 
the fields Qi and the dilaton S still remains 
massless and plays the role of the new dila- 
ton field. 

There are further model independent results 
which refer to nonperturbative string effects and 
will be discussed next. 



2.4. Supersymmetry Breaking 

As we discussed previously there are two main 
problems of string perturbation theory namely, 
the enormous vacuum degeneracy and supersym- 
metry breaking. There were two lines of research 
towards attacking these problems. 

(i) To use a particular field-theoretical nonper- 

turbative effect which is the condensation of 
gauginos induced after the asymptotically 
free hidden sector becomes strongly inter- 
acting at lower energies (~ 10^^ GeV). 

(ii) To consider the supersymmetry breaking sec- 

tor as a black box and study its possible 
implications assuming that a combination 
of the moduli fields T and the dilaton S 
are responsable for breaking supersymme- 
try, but without specifying how. 

The second approach has been recently re- 
viewed in 1^ and I refer the reader to that re- 
view for the general results. As for gaugino con- 
densation, it was also reviewed in [D,||l^, we 
will only mention here that the combination of 
T duality with the inclusion of several condens- 
ing groups with matter in the hidden sector (very 
generic in string theory) can give rise to inter- 
esting results, namely, supersymmetry is broken 
at the phenomenologically desired scale (~ 10^ 
Gev), with the moduli T and dilaton S fixed at 
the desired values T ~ 1, 5 ~ 2 in Planck scale 
units. This value of S gives the expected value of 
the gauge coupling at the unification scale. How- 
ever there were several problems: 

(i) The cosmological constant is very large and 

negative. 

(ii) The dilaton potential is runaway and there 
has to be some fine tunning in order to ob- 
tain a nontrivial minimum besides the min- 
imum at zero coupling and — > cxd. 

(iii) There are at least two serious cosmologi- 
cal problems for the gaugino condensation 
scenario. First, it was found under very 
general grounds, that it was not possible 
to get inflation with the type of dilaton 
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potentials obtained from gaugino conden- 
sation Second is the so-called 'cos- 
mological moduli problem' which applies to 
any (non-renormalizble) hidden sector sce- 
nario including gaugino condensation [p^ . 
In this case, it can be shown that if the same 
effect that fixes the vev's of the moduli, 
also breaks supersymmetry, then: the mod- 
uli and dilaton fields acquire masses of the 
electroweak scale (~ 10^ GeV) after super- 
symmetry breaking [ p^ . Therefore if sta- 
ble, they overdose the universe, if unstable, 
they destroy nucleosynthesis by their late 
decay, since they only have gravitational 
strength interactions. At present there is 
no satisfactory explanation of this problem 
and it stands as one of the unsolved generic 
problems of string phenomenology. 

The runaway behaviour of the dilaton has been 
argued to be a generic problem for string mod- 
els 1 13 . The reason for this is that being S the 
string coupling, we know that for 5 ^ oo the 
theory becomes free and then the scalar potential 
has to vanish. This was used in , to argue that 
strings have to be strongly coupled in order to de- 
velop another minimum, unless some parameters 
conspire to fix S at weak coupling. This argu- 
ment has been revised recently in [jl^ . There it 
was argued that even if the scalar potential van- 
ishes at S" — > oo in the full theory, in an effective 
theory, after integrating out some of the massive 
fields the remaining potential for S could blow 
up for S" — > oo. A simple example of this is the 
At/)** theory since upon minimizing the potential 
V — —^m^(jp' + \g'^<j)'^ we find 4> = ±m/g and 
substituting back into V gives V{<f)) — —rn^/Ag'^ 
which blows up as the coupling 5 — > 0. A particu- 
lar mechanism to achieve this could be to consider 
nonasymptotically free models which appear very 
often in string theories. If the potential blows up 
at S* — > 00, then the cosmological problems dis- 
cussed in ijlll are not necessarily there. Therefore 
this is an interesting way of fixing the dilaton that 
deserves further investigation. 

All this has been said using mostly nonpertur- 
bative field theoretical effects but we know that 
there should also be stringy nonperturbative ef- 



fects that could play a role in fixing the dila- 
ton and breaking supersymmetry. In general we 
should always consider the two types of nonper- 
turbative effects: stringy (at the Planck scale) 
and field theoretical (like gaugino condensation). 
Four different scenarios can be considered de- 
pending on which class of mechanism solves each 
of the two problems: lifting the vacuum degener- 
acy and breaking supersymmetry. 

For breaking supersymmetry at low energies, 
we expect that a field theoretical effect should be 
dominant in order to generate the hierarchy of 
scales (it is hard to believe that a nonperturba- 
tive effect at the Planck scale could generate the 
Weinberg-Salam scale). We are then left with two 
preferred scenarios: either the dominant nonper- 
turbative effects solve both problems simultane- 
ously, or there is a 'two steps' scenario in which 
stringy effects dominate to lift vacuum degener- 
acy and field theory effects dominate to break 
supersymmetry. The first scenario has been the 
only one considered so far, it includes gaugino 
condensation. The main reason this is the only 
scenario considered so far is that we can control 
field theoretical nonperturbative effects but not 
the stringy. In this scenario, independent of the 
particular mechanism, we have to face the cosmo- 
logical moduli problem. In the two steps scenario 
stringy effects only lift the vacuum degeneracy 
and supersymmetry may be broken dynamically 
by field theoretical effects, such as discussed in a 
whole session at this conference |l^. We have to 
conclude that there is no prefer scenario yet. 

3. SUPERSTRING 

PHENOMENOLOGY AFTER 1995 

The recent progress in understanding nonper- 
turbative issues of string theory , has nec- 
essarily strong impact on the phenomenological 
questions, we are only starting to explore these 
implications which can be sumarized as follows. 

(i) Unification of theories: We mentioned in 
the introduction that there are five consis- 
tent superstring theories and each has thou- 
sands or millions of different vacua. It is 
now believed that the five string theories 
are related by strong-weak coupling dual- 
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ities and furthermore, they appear to be 
different hmits of a single underlying fun- 
damental theory, probably in IID, the M 
theory (probably related with membranes 
or higher dimensional objects such as five- 
branes), which is yet to be constructed. If 
this is true it may solve the arbitrariness in 
the number of fundamental string theories 
by deriving them from a single theory. 

(ii) Unification of vacua (?): Recent work based 
on comparison of string compactifications 
with the Seiberg-Witten theory, has lead 
to the conclusion that many and probably 
all Calabi-Yau compactifications are con- 
nected. Then it seems that not only the 
five different theories are unified, but also 
all the vacua of these theories could also 
be unified: since, if they are all connected, 
we can foresee a mechanism that lifts the 
degeneracy and select one point in the web 
of compactifications, something it could not 
have been done before because they were 
thought to be disconnected vacua. These 
transitions occur in singular points of the 
corresponding moduli space where a partic- 
ular state (massless black hole) or even an 
infinite tower of states (tensionless strings) 
become massless. They were partially un- 
derstood for TV > 1 compactifications, but 
recently extensions to the phenomenolog- 
ically interesting = 1 case have been 
found [p^ , implying for instance that mod- 
els with different number of families would 
belong to the same moduli space reducing 
in some sense the discrete degeneracy prob- 
lem to the level of the continuous degen- 
eracy problem and so we may expect that 
probably one particular number of families 
could eventually be selected dynamically. 

{in) Nonperturbative vacua: The fact that the 
strong coupling regime of a given string 
theory would simply be the weak coupling 
regime of another string theory would be 
very dissapointing since that means that the 
problems present at weak coupling would 
remain at strong coupling. Fortunately this 



is not the case. For instance, the strong cou- 
pling limit of the Es Eg string is believed 
to be given by M theory compactified in the 
orbifold j'S.^ which is just a one dimen- 
sional interval. M theory contains elemen- 
tary membranes and their magnetic dual, 
5— branes. The membranes can end at each 
of the two lOD ends of the interval (fixed 
points) which are 9-branes and generate an 
£^8 symmetry at each end. The distance 
between the two 9-branes p is proportional 
to the heterotic coupling and when this is 
very small the two E's's collapse to a sin- 
gle 10-D point which is the heterotic string. 
For any finite coupling the membrane is a 
cylinder between the two 9-branes with het- 
erotic strings at the intersection. This re- 
produces the standard perturbative spec- 
trum of heterotic strings. The new ingredi- 
ent comes mostly from the 5-branes which 
for the i?8 ® -Eg case, carry two-index an- 
tisymmetric tensors, therefore introducing 
more than one of these fields in the spec- 
trum after compactifications (in the 5*0(32) 
version they may lead to extra vector fields 
depending on the compactification) . In per- 
turbative heterotic string there was a sin- 
gle antisymmetric tensor B^iv that we saw 
is dual to an axion field. The appear- 
ance of several of those fields in the spec- 
trum shows clearly that the corresponding 
vacuum is nonperturbative and may even- 
tually create more possibilities for using 
these axion fields for solving the strong CP 
problem in string theory. There is even a 
model with zero tensor fields. This may be 
relevant because i?^^ is a supersymmetric 
partner of the dilaton and having a model 
without antisymmetric tensors would mean 
that somehow the dilaton was fixed, lift- 
ing the corresponding degeneracy, and ac- 
quired a mass (avoiding the cosmological 
moduli problem) ! Furthermore for compact 
spaces with nontrivial 4-cycles, the corre- 
sponding 5-branes could wrap around those 
cycles giving rise to another string (differ- 
ent of course from the one obtained from the 
membrane). These nonperturbative strings 
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will generically have their own nonpertur- 
bative gauge group, therefore enhancing 
the maximum rank required in perturba- 
tion theory jl^] (the world record seems to 
be right now a group of rank of order 10^! 
||2C|]). The physical relevance of the nonper- 
turbative gauge fields is yet to be explored. 

(iv) Scales in M theory: It is interesting to an- 
alyze the different scales present in a 4Z3 
model built from A'/-theory. There are three 
relevant scales: the IID Planck scale k, the 
length of the interval p and the overall vol- 
ume of the compactified 6D space V. In 
the 111? theory, the gauge and gravitational 
couplings can be written as: 

E o a ^ 2^2/3 / d'°^V9t^F^■ (10) 

Where M^^ is the 111? space (bulk) and 
M/°, j = 1,2 are the two lOD 9-branes 
at each end of the interval. We can see 
that after compactification, the AD Newton 
constant and gauge couplings are given by 

= Te:;^ and aauT = ■ No- 

tice that now M^uj. = V'^/^ = ^^^p^ 
since we have an extra parameter, p, we can 
get Mgut ~ lO^^Gey by setting - 
-|^Qi2-i4(^g^ something we could not have 
done in perturbative heterotic strings. This 
has been used by Witten to claim that it 
may be possible to solve the string unifica- 
tion problem by tunning the extra param- 
eter as in standard GUTs We then 
get the following picture: at large distances 
the universe looks 4D at energy scales be- 
tween lO^^-'^^GeV and IQi^Gev it looks 5D 
and at higher scales (smaller distances) it 
looks IID. This new intermediate scale 
{p) may play an interesting role for other 
phenomenological and cosmological ques- 
tions. There is a complication that for 
p^^ < lO^'^Gey the gauge coupling of one 
of the gauge groups blows up, this has been 



argued by Witten that could put a bound 
on Newton's constant on a generic model. 
There are some specific models which avoid 
this problem which makes them more at- 
tractive. Also, the process of gaugino con- 
densation can be reanalyzed in this picture 
||2^ , |p3|| . A single condensate in the hid- 
den Es 9-brane, does not break supersym- 
metry in its vecinity nor in the 5D bulk 
but due to a topological obstruction it can 
break supersymmetry in the observable sec- 
tor |2^. Note that in this picture the stan- 
dard model lives at one of the 'end of the 
world' branes while gravity and the mod- 
uli fields live in the 5D bulk. The possible 
physical consequences of this new picture 
are only starting to be explored |^ . 

(v) Nonperturbative superpotential: It is quite 
remarkable that recently Witten and oth- 
ers have been able to extract informa- 
tion about superpotentials derived from 
stringy nonperturbative effects |Q. At 
the moment there have been found three 
classes of results, depending on the 
compactification: = 0, ~ e~*, W — 
a modular form. Here $ is one of the mod- 
uli fields. The first case is interesting be- 
cause it means there are compactifications 
for which the nonperturbative superpoten- 
tial vanishes so the only source of superpo- 
tential could be strong coupling infrared ef- 
fects such as gaugino condensation making 
the field theoretical discussion above more 
relevant. The second case gives the stan- 
dard runaway behaviour of the scalar poten- 
tial and the third possibility is a realization 
of the kind of duality invariant potentials 
proposed in the past [|5|,||l6|, in this case 
there are nontrivial minima and it is yet to 
be studied in detail whether supersymmetry 
could be broken, in particular these models 
seem suitable for a realization of the two 
steps scenario alluded to before. We hope 
more progress will be made in this direc- 
tion which is addressing the main problem 
of superstring phenomenology from a non- 
perturbative formulation. 
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(vi)Stringy e^^/f effects: Some time ago, 
Shenker proposed that in string theory, 
there would appear nonperturbative effects 
of the form e~^^^ on top of the standard 
field theoretical effects of the form e"^/^ . 
These have been argued to correct the 
Kahler potential and contribute to the dila- 
ton potential in such a way that the dilaton 
can be fixed even with a single exponential 
in W Recently, these effects were ex- 
plicitly computed for the heterotic string for 
a particular compactification | p7[ |. 

We can see that many of the results from string 
perturbation theory are modified by the nonper- 
turbative information obtained so far. Some of 
the other results are expected to be modified or 
need revision, for instance the nonexistence of 
global symmetries was proved using CFT tech- 
niques which are explicitly perturbative, it is ex- 
pected that being string theory a theory of grav- 
ity, global symmetries will not be allowed (as usu- 
ally found studying black holes and wormholes), 
but a general nonpcrtubative proof is not avail- 
able yet. Also, the main problems such as super- 
symmetry breaking, are still open which is a good 
motivation to work on this field. 
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